Protium heptaphyllum is a Burseraceae species known by the production of aromatic resin with medicinal, economic, and ecological values. Information on the development, architecture, and lifetime of the secretory system are crucial to understand the resin production and contribute to a more sustainable tapping regime. We investigated the histology and ultrastructure of the secretory canals under a developmental point of view. Stem samples were analyzed under light and transmission electron microscopy by conventional and cytochemical methods. Secretory canals, originated from procambium and cambium, occurred immersed in the primary and secondary phloem. Mature canals have a secretory epithelium and a wide lumen where the exudate is accumulated. A sheath of parenchyma cells with meristematic features surrounds the epithelium. The canals originate by schizogenesis and develop by schyzolysigenesis. Canals active in secretion occurred since the shoot apex and near the cambium. In the dilation zone of the secondary phloem, secretory canals exhibit sclerified epithelial and sheath cells and are inactive in secretion. Secreting epithelial cells have subcellular apparatus consistent with oleoresin, polysaccharides, and enzymes secretion. Pectinase and cellulase were cytochemically detected in developing canals and are involved in cell wall changes associated to canal growth and release of exudate. In P. heptaphyllum, the secretory system has a complex structure resultant from longitudinal growth, lateral ramification, and fusion of the adjacent canals, in addition to intrusive growth of both epithelial and sheath cells. Although some anatomical results are already known, ultrastructural data represent the novelty of this work. Our findings can contribute to the establishment of more efficient and sustainable techniques for resin extraction in this species.
Introduction
Among the substances produced by plants, resin is considered the most versatile material since the Stone Age, going through the pre-industrial era, and reaching the present day (Langenheim 2003) . Species of Burseraceae are known for the production of resin and essential oils used in religious ceremonies, medicine, and the production of cosmetics (Souza et al. 2016) . The pharmacological properties of their secretions have been proven in the treatment against inflammations, pains, liver diseases, and malaria (Sussunaga 1996; Siani et al. 1999) . The presence of canals secreting aromatic resin associated with the phloem is a constitutive characteristic of many Burseraceae species (Metcalfe and Chalk 1950) .
Protium heptaphyllum (Aubl.) Marchand., popularly known as breu-branco (Lorenzi 2002) , is a tree representative of Burseraceae widely distributed in different ecosystems in Brazil (Matos 1997; Citó et al. 2006; Daly and Fine 2011) . The high diversity of terpenes in the aromatic resin of this species provides an effective defense against herbivores and pathogens (Bowers et al. 2001 ). The exudate from P. heptaphyllum stem is source of raw material to produce Handling Editor: Peter Nick Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00709-017-1197-6) contains supplementary material, which is available to authorized users. medicaments, cosmetics, hygiene products, perfumery, repellents, varnishes, incense, stains, and candles (Revilla 2001) . The chemical composition and the medicinal properties of the aromatic resin produced by this species have been exhaustively studied (Lima et al. 2016 and references therein) and its cytotoxicity in breast cancer cells, antimicrobial activity, and its antimutagenicity in vivo have been proven (Lima et al. 2016) .
In P. heptaphyllum, secretory canals are filled with a viscous and transparent material where phenolic compounds, alkaloids, essential oils, resin, and mucopolysaccharides was histochemically identified (Souza et al. 2016) . Information on the development and architecture of the secretory system, structural variations, and lifetime of the secretory canals are lacking. These data are crucial to understand the resin production and contribute to a more sustainable tapping regime (Tolera et al. 2013) .
In this study, we investigated the histology, ultrastructure, and cytochemistry of the secretory canals in P. heptaphyllum stem under a developmental point of view.
Materials and methods

Study site
This study was performed in a Restinga forest (coastal sand dune habitats) located in Itaputiua island (2°25′ 56″ S; 44°03′ 30″ W), Raposa city, Maranhão State, Brazil. Based on data from the National Institute of Meteorology (INMET), for the period 2007-2016, the climate in the region is characterized as Aw (tropical with a dry season) following Köeppen, with two distinctive seasons. The rainy season in the site is from January to June and the dry season is from July to December. The mean annual rainfall is 2.100 mm. The mean annual maximum and minimum temperatures are 28 and 18°C, respectively. The study area is dominated by dystrophic acid sandy soil with high proportion of fine sand.
Plant material
Samples of shoot apex and mature stems were collected from ten adult trees of P. heptaphyllum with about 7 m height with a straight stem and diameter at breast height between 20 and 25 cm. Samples of stem in primary growth were obtained from 0.5 cm below the apex; samples of stem in secondary growth were obtained from the trunk at the breast height.
Vouchers were deposited in the herbarium BIrina Delanova de Gemtchujnicov^(BOTU) of the Department of Botany, Institute of Biosciences of Botucatu (IBB), São Paulo State University (UNESP).
Histology
For histological characterization and ontogenetic analysis, materials were fixed in FAA 50 (formalin/acetic acid/alcohol 50%) for 48 h (Johansen 1940). Samples of shoot apex (2 mm length) and young stems (5 mm length) were dehydrated in ethanol series and embedded in methacrylate resin (Gerrits 1991) . Serial cross and longitudinal sections (5 μm thickness) were obtained using a rotary microtome and stained with Toluidine blue pH 4.7 (O'Brien et al. 1964) . Stem portions in secondary growth (1.5 cm 3 ) were sectioned (cross, tangential, and radial sections) using a sliding microtome and the sections (15 μm) were dyed in Safrablau (safranin and Astra blue) solution (Bukatsch 1972) . Permanent slides were mounted with Entellan® and analyzed under an Olympus BX41 microscope coupled with a digital camera.
Histochemistry
The main classes of metabolite in the secretory canals were investigated in stems (primary and secondary growth). The sections of fresh material were obtained using Ranvier or sliding microtome and treated with the following: Sudan IV (Johansen 1940) and Sudan Black (Pearse 1980) for the detection of total lipids (Johansen 1940), Nadi reagent for terpenes (David and Carde 1964) , ferric chloride solution (10%) for phenolic compounds (Johansen 1940), Ruthenium red solution (0.02%) for mucopolysaccharides (Chamberlain 1932) ,Wagner reagent for alkaloids (Furr and Mahlberg 1981) , cupric acetate (10%) for resin (Johansen 1940) , and Lugol reagent for starch and alkaloids (Johansen 1940) . Control tests were performed according to the authors of the respective techniques. Observations and documentation were carried out using a light microscope (Olympus Cell B) equipped with a digital camera.
Transmission electron microscopy
To conventional analyses, portions of stems in different growth stages were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 24 h, post-fixed with 1% osmium tetroxide in the same buffer for 1 h, dehydrated through acetone series, and embedded in Araldite resin (Machado and Rodrigues 2004) . Ultra-thin sections were post-stained with uranyl acetate and lead citrate (Reynolds 1963) . The material was examined with Fei Tecnai transmission electron microscope (TEM) at 80 kV.
For ultracytochemical detection of pectinase, samples were incubated in 0.1 M sodium acetate buffer solution (pH 5.0) containing 0.5% pectin for 20 min at room temperature. For ultracytochemical detection of cellulase, the material was incubated in 0.05 M citrate buffer (pH 4.8) containing 0.02% carboxymethyl cellulose (CMC) for 10 min also at room temperature. Both treatments were transferred to Benedict reagent solution at 80°C for 10 min and then washed in 0.1 M phosphate buffer. Then, the samples were processed according to conventional protocol described above. The control samples were processed without incubation in pectin and CMC (Bal 1974; Allen and Nessler 1984; Marinho and Teixeira 2016) .
Results
Distribution, structure, and histochemistry of the secretory canals Mature secretory canals were observed immersed in the primary (Fig. 1a) and secondary (Fig. 1b) phloem of the stem. Structurally, in all the samples analyzed, the mature secretory canals were constituted by a uniseriate epithelium surrounding a wide lumen (Fig. 1c) where the secretion accumulates. These canals exhibited spherical lumen in cross section (Fig. 1a-d ) and elongated lumen in longitudinal section (Fig. 1e) . A discontinuous sheath constituted by one or more layers of tangentially elongated parenchyma cells with meristematic potential surrounded the canals (Fig. 1c, d) .
Epithelial cells showed different degrees of swelling and variable shape (Fig. 1c, d ). Some epithelial cells were more elongated and protruded into the lumen, originating trabeculae (Fig. 1d) . These cells could divide in the anticlinal and oblique planes (Fig. 1c) .
In the primary phloem, these cells exhibited pectocellulosic walls (Fig. 1c, d ). In the stem bark, the epithelial cells showed a progressive lignification of their walls as the canals distanced from the cambium. So, secretory canals in the conductive phloem (adjacent to the cambium) exhibited only epithelial cells with pecto-cellulosic walls (Fig. 1f) ; in the canals located in the median region of the secondary phloem (non-conductive region), some epithelial cells exhibited thicker and lignified walls (Fig.  1g) ; canals in the dilated zone of the secondary phloem were constituted exclusively by sclerified epithelial cells characterized by a narrow lumen and even thicker lignified walls with large, ramified pits, resembling a stone cell (Fig. 1h ). In this last phloem region, lignified sheath cells were observed surrounding the canals (Fig. 1h) .
Total lipids (Fig. 1i) , oleoresin ( Fig. 1j ), mucopolysaccharides ( Fig. 1k) , and phenolic compounds ( Fig. 1l) were histochemically identified in the epithelial cells and lumen of the secretory canals both in the primary and secondary phloem. Alkaloids (Fig. 1m) were detected only in the secretory canals present in the bark.
Ultrastructural characterization of epithelial cells
Secretory canals were active in secretion since their early developmental stages and presented lumen filled with exudate heterogeneous in aspect (Fig. 2a) . Epithelial cells had dense cytoplasm, evident nucleus, and small vacuoles (Fig. 2b) . The inner tangential cell wall, facing the lumen, was dense ( Fig.  2a ) and became loose in appearance (Fig. 2b, c) . Anticlinal ( Fig. 2a ) and outer tangential ( Fig. 2b ) walls had plasmodesmata interconnecting the epithelial cells between themselves and with the sheath cells. The plasmalemma of the epithelial cells was sinuous, mainly in the cell face tangent to the lumen (Fig. 2b, c) .
The cytoplasm of the epithelial cells was abundant with numerous polysomes, mitochondria ( Fig. 2c-e) , plastids ( Fig. 2c-e) , dictyosomes ( Fig. 2d, f) , extensive rough endoplasmic reticulum (Fig. 2g) , and oil droplets spread in the cytoplasm g ). Plastids were rounded to ovoid in shape, devoid of thylakoids and had electron-dense stroma, and osmiophilic inclusions (Fig. 2c , e). The smooth endoplasmic reticulum presented dilated cisterns, mainly in the ends of their profiles (Fig. 2f ). Myelin-like structures, consisted of several concentric membranes packed together in a vesicular compartment, were observed in the peripheral cytoplasm (Fig.  2d ). Numerous vesicles were observed in epithelial cells, especially close to the plasma membrane ( Fig. 2c-f ). Clusters of electron-dense bodies were observed in the cytoplasm, mainly in the cell face adjacent to the lumen (Fig. 3a) , in the periplasmic space (Fig. 3b) , inside vacuole (Fig. 3a, c) , and vesicles ( Fig. 3a-c) and immersed in the cell wall facing the lumen ( Fig. 2b, c; Fig. 3a-c) . Images suggest that these substances crossed the plasma membrane and accumulated in the cell wall tangent to the lumen ( Fig. 2b-e; Fig. 3a-c) . Subsequently, this material was released into the lumen by a peeling process of cell wall (Fig. 3c) .
The sheath cells had more developed vacuome and reduced cytoplasm (Fig. 3d) . Their plastids presented globular starch grains ( Fig. 3d; insert) . Mitochondria, rough endoplasmic reticulum, and oil droplets were observed in the cytoplasm (Fig.  3e) . The sheath cells were tangentially elongated and acquired tapered ends that penetrated between the radial walls of the neighboring sheath cells, in a way that resembles apical intrusive growth (Fig. 3d ).
Origin and development of the secretory canals
Secretory canals at different stages of development were observed side by side in the shoot apex and subjacent regions (Fig. 4a) . In the bark, immature secretory canals were observed near the cambium (Fig. 4b) ; mature canals occurred in the conductive phloem (Fig. 4b) , while senescent and non-functional canals occurred in the non-conductive phloem zone (Fig. 1b) . The secretory spaces were formed from procambial cells in the shoot apex and from cambial fusiform cells in the bark. The process of lumen formation and development of the secretory canals were similar in both shoot apex and bark. So, in this work, we illustrated the lumen formation and development only in the shoot apex.
Precursor cells of the secretory canals were pyramidal in shape (Fig. 4c) and divided in several planes forming a cluster with four to eight cells (Fig. 4d) . The derivative cells (Fig. 4d) had irregular contour, thin walls, voluminous nucleus with nucleolus, abundant cytoplasm rich in mitochondria and plastids, and small vacuoles. The middle lamella among the clustered derivative cells became swollen (Fig. 4d) and a small triangular intercellular space appeared originating the lumen (Fig. 4e) . This initial lumen expanded by the progressive dissolution of the middle lamella of the surrounding cells (Fig. 4f,  g ).
Mature secretory canals continued developing by elongation at their ends (Fig. 5a ). The elongating canals were characterized by the irregular contour and diameter of the lumen (Fig. 5b) . In longitudinal section, epithelial cells were tangentially elongated and exhibited tapered ends that penetrated between the radial walls of the neighboring epithelial cells (Fig. 5c) , in a way that they resembled apical intrusive growth. In the both ends of an elongating canal, some epithelial cells exhibited swollen middle lamella with dissolution signals; this process culminated with the cell release into the lumen (Fig.  5d) . Simultaneously, other epithelial cells in the canal ends exhibited signs of lyses such as irregular walls with loose appearance, reduced nucleus with irregular contour and dense lumps of chromatin (Fig. 5e ), numerous vacuoles with membranous debris (Fig. 5f ), large oil droplets (Fig. 5e, f) and mitochondria irregular in outline exhibiting electron lucent areas and disrupted cristae (Fig. 5e, f) . The cell wall tangent to the lumen exhibited continuous peeling and discontinues areas forming hollows (Fig. 5e) . Ultracytochemical tests revealed the presence of cellulase (Fig. 5g) and pectinase (Fig. 5h ) in these cells walls. This process culminated with rupture of the epithelial cells (Fig. 5b, d ).
In the ends of the elongating secretory canals, the sheath cells divided periclinally and maintained their intrusive growth potential (Fig. 6a) . Sheath cells substituted the Secretory canals ramified among the neighboring cells. Serial sections showed small cells arranged in longitudinal rows, adjacent to enlarging secretory canals (Fig. 6b) . These small cells, which were immersed in parenchyma tissue, exhibited meristematic features, such as thin and irregular walls, voluminous nucleus, and dense and abundant cytoplasm (Fig.  6b, c) . The middle lamellae among these cells showed dissolution signals (Fig. 6c) . As the middle lamellae dissolved, these cells became part of the secretory epithelium and gave rise to a branch of the canals (Fig. 6d, e) . The presence of pectinase was ultracytochemically detected in the middle lamellae region of these cells.
In longitudinal (Fig. 6f, g ) and cross ( Fig. 6h-k) sections, some secretory canals were observed very close to each other, separated only by few parenchyma cell layers (Fig. 6f) , sharing the same parenchyma sheath (Fig. 6h) or with the secretory epithelium in direct contact (Fig. 6i) . The middle lamellae among these parenchyma cells were dissolved, allowing the junction of adjacent canals in a similar way to observe in the ramification canals. In the regions of contact between the neighboring canals, epithelial cells exhibited signals of lyses and dissolution of the middle lamellae (Fig. 6i, j) . This process culminated with the total fusion of the adjacent canals (Fig.  6k, g ). Pectinase and cellulase were ultracytochemically marked in the cell walls in these regions.
Discussion
Looking at different regions of the stem in P. heptaphyllum and using light and electron microscopy methods, we got insights on the origin and development of the secretory canals, ramification of canals by incorporation of neighboring cells, and fusion between canals, in addition to evidence of intrusive growth. Although some anatomical and histochemical results are already known for some Protium species (Souza et al. 2016) , ultrastructural data represent the novelty of this work. Our findings lead us to understand the complexity of the tridimensional secretory system in this Burseraceae species.
The histochemical characterization of the secretory canals in P. heptaphyllum corroborates the data obtained by Souza et al. (2016) . The subcellular apparatus of the epithelium of mature secretory canals in P. heptaphyllum is consistent with the production of polysaccharides and proteins, in addition to the lipophilic compounds. In fact, these substances were histochemically detected in these glands. The occurrence of dictyosomes and abundant vesicles in these cells indicates the production of hydrophilic substances, as polysaccharides (Fahn 1979; Evert 2006) . The abundance of oil drops in the cytoplasm, presence of plastids without thylakoids, and smooth endoplasmic reticulum with dilated cisterns are consistent to the synthesis of lipophilic substances (Fahn 1979; Evert 2006) and are commonly reported in cells secreting monoterpenes (Cheniclet and Carde 1985; Turner et al. 1999; Rodrigues et al. 2011a; Machado et al. 2017) .
In the present study, the placement of the myelin-like figures (multilamellar bodies) in the peripheral cytoplasm of epithelial cells, in the interface with plasmalemma, suggests their role in the secretion of lipids and other molecules to the outside of the protoplast, as described to animal cells (Paquet et al. 2013) . The origin of myelin-like figures in these cells is obscure and can be associated to autophagic process and degeneration of mitochondria and plastids, among others (van Doorn and Papini 2016).
The abundance of polysomes and profiles of rough endoplasmic reticulum in the epithelial cells of P. heptaphyllum are consistent to the synthesis of lytic enzymes required to the growth of the secretory canals (Marinho and Teixeira 2016) and the cell wall changes involved in the exudate release (Machado and Carmello-Guerreiro 2001; Rodrigues et al. 2011b; Machado et al. 2017) .
Regarding the exudate release toward the lumen, our images suggest the occurrence of different mechanisms in P. heptaphyllum. The observation of oil drops and osmiophilic bodies in the cytoplasm of the epithelial cells, mainly in the cell side facing the lumen, in the periplasmic space and immersed in the cell wall matrix suggests lipid compounds can cross the cell wall and reach the lumen (Nair et al. 1981) . These features are typical of eccrine process of secretion release (Evert 2006; Rodrigues and Machado 2012) which is favored by the loose arrangement of the cellulose microfibrils of the cell wall facing the lumen. In addition, the abundance of vesicles in the outer cytoplasm and the irregular contour of the plasmalemma of the epithelial cells indicate that a fraction of the secretion, mainly the hydrophilic compounds, can be released toward the lumen by granulocrine mechanism (Fahn 1979; Evert 2006) . In P. heptaphyllum, it is evident that the release of the secretion to the lumen is associated to the peeling of the outer layers of the tangential wall of the epithelial cells facing the lumen (Rodrigues et al. 2011a, b; Machado et al. 2017) . Still, in this species, the epithelial cells in the ends of the growing secretory canals can be broken, and their protoplast content is released to the lumen, characterizing holocrine mechanism of secretion (Machado and CarmelloGuerreiro 2001) .
The secretory canals in P. heptaphyllum were originated from the procambium in the shoot apex and from cambium in the stem bark. Despite their different meristematic origin, these canals are similar in structure and development, including the occurrence of longitudinal growth, lateral ramification, and fusion. In both cases, the lumen is initiated by the separation of the cluster cells by the dissolution of the middle lamellae, characterizing a schizogenous process (Fahn 1979; Evert 2006) . However, the canals with well-established lumen continue developing. Such growth of the secretory canals occurs by a combination between cell separation and rupture, characterizing a schizolysigenous process of growth (Fahn 1979; Evert 2006; Rodrigues et al. 2011b) .
In this paper, the occurrence of cell wall peeling, vacuoles with membranous debris, nucleus with irregular contour and dense lumps of chromatin, and mitochondria with cristolysis signals in epithelial cells are apoptotic signals consistent with programmed cell death (PCD) (Danon et al. 2000; Brighigna et al. 2006 ) during the growth of the secretory canals. In fact, the occurrence of PCD has been demonstrated during the development of the oil secretory spaces (Rodrigues et al. 2011a; Liu et al. 2012) . Vacuoles containing membranous inclusions, probably sequestered portions of cytoplasm, can be interpreted as autophagic structures (autophagosomes) and indicate the occurrence of macroautophagic process (Papini et al. 2014 ) during the development of the secretory system in P. heptaphyllum.
The occurrence of an anastomosed secretory network has already been reported in other Burseraceae species (Mc Nair 1918; Tolera et al. 2013) . By comparing different developmental stages of stem in light and electron microscopy, we were able to access and understand the complexity of the resin secretory system in P. heptaphyllum. In this species, the secretory system has a complex structure resulting from longitudinal growth, lateral ramification, and fusion of the adjacent canals, in addition to intrusive growth of both epithelial and sheath cells. Occurrence of intrusive growth of secretory cells has been described to secretory cavities of Metrodorea nigra (Machado et al. 2017 ) and in laticifers of Tabernaemontana catharinensis (Canaveze and Machado 2015) . Epithelial and sheath cells with tapered ends penetrating the swollen middle lamella among adjacent cells are consistent with intrusive growth (Siedlecka et al. 2008; Machado et al. 2017 ) that was here confirmed by serial anatomical section analysis. This observation is of particular importance if we consider the spatial adjustment of the secretory canals occurred during their longitudinal growth, lateral ramification, and fusion. In addition, the maintenance of the secretory active in the mature canals through the stem development is ensured by the replacement of the damaged epithelial cells by the parenchyma sheath that surrounds the secretory epithelium, as reported for different plant species (Bosabalidis and Tsekos 1982a, b; Rodrigues et al. 2011a, b; Machado et al. 2017) . Differently from the reported to other species, the sheath cells in older stem regions of P. heptaphyllum can become sclerified and lose their meristematic capacity. Considering that both epithelial and parenchyma sheath cells in the older canals can also lignify, the lifetime of these glands is determinate in P. heptaphyllum.
The observation of rows of cells with meristematic features immersed in the parenchyma tissue adjacent to mature canals is a novelty in the development of the secretory canals in Burseraceae. This characteristic suggests the existence of an induction action of secretory canals on the neighboring cells as discussed for laticifers (Canaveze and Machado 2015) ; however, the action-inducting mechanism and the inductive properties of secretory cells are still poorly investigated. A n a s t o m o s i s o f s e cr e t o r y, a s o b s e r v e d h e r e i n P. heptaphyllum, implies in a direct communication between the two adjacent canals (Bosshard and Hug 1980) with biological and yield implications. In biological terms, this anastomosed secretory system facilitates the transport of resin to long distances and toward different directions ensuring a more effective protection against herbivores (Tolera et al. 2013) . Regarding the resin yield, this tridimensional network of the resin secretory system contributes to a more efficient tapping of resin (Tolera et al. 2013 ).
Our findings demonstrated that in the trunk of P. heptaphyllum, secretory canals active in secretion occurred deeper in secondary phloem; on the other hand, canals inactive in secretion occurred more superficially in the bark. The functional status of the secretory canals was attributed based on the features of the epithelial cell walls. So, epithelial cells with thin pecto-cellulosic walls and abundant cytoplasm characterize canals active in secretion, while epithelial cells with thicker and lignified walls, devoid of protoplast, characterize canals inactive in secretion. Sclerified cell walls can act in the protection against the rupture of the canals and the reflux of the storage secretion in the lumen of secretory ducts. The presence of exudate in the lumen of inactive canals coupled with our observation of the sclerified epithelial cells indicates that, even inactive in secretion, these canals remain important sites of resin storage. So, superficial wounds maybe will be enough to the overflow of resin. These findings coupled to the occurrence of an anastomosed and tridimensional resin secretory system in P. heptaphyllum can contribute to the establishment of more efficient and sustainable techniques for resin extraction.
